We studied the novel hypothesis that an upmodulation of channels for outward delayed rectifier K ϩ current (I K ) plays a key role in ceramide-induced neuronal apoptosis. Exposure for 6 -10 h to the membrane-permeable C 2 -ceramide (25 M) or to sphingomyelinase (0.2 unit/ml), but not to the inactive ceramide analogue C 2 -dihydroceramide (25 M), enhanced the whole-cell I K current without affecting the transient A-type K ϩ current and increased caspase activity, followed by neuronal apoptosis 24 h after exposure onset. Tetraethylammonium (TEA) or 4-chloro-N,N-diethyl-N-heptylbenzenebutanaminium tosylate (clofilium), at concentrations inhibiting I K , attenuated the C 2 -ceramide-induced caspase-3-like activation as well as neuronal apoptosis. Raising extracellular K ϩ to 25 mM similarly blocked the C 2 -ceramideinduced cell death; the neuroprotection by 25 mM K ϩ or TEA was not eliminated by blocking voltage-gated Ca 2ϩ channels. An inhibitor of tyrosine kinases, herbimycin A (10 nM) or lavendustin A (0.1-1 M), suppressed I K enhancement and/or apoptosis induced by C 2 -ceramide. It is suggested that ceramide-induced I K current enhancement is mediated by tyrosine phosphorylation and plays a critical role in neuronal apoptosis. Key Words: Outward delayed rectifier I K channel-Ceramide-Neuronal apoptosis-Tyrosine phosphorylation. J. Neurochem. 73, 933-941 (1999).
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Ceramide, a long-chain sphingolipid generated intracellularly on hydrolysis of sphingomyelin, has been implicated as a second messenger molecule involved in several forms of intracellular signaling, including those triggered by cytokines, growth factors, and stress Hannun, 1996; Pena et al., 1997) . Effects of ceramide include growth inhibition, induction of cell differentiation, and apoptosis (Obeid et al., 1993; Jayadev et al., 1995; Obeid and Hannun, 1995; Spiegel and Merrill, 1996; Geilen et al., 1997) . Exogenously supplied or endogenous ceramide can trigger apoptosis in many types of cells, including neurons (Obeid et al., 1993; Jarvis et al., 1994; Jayadev et al., 1995; Brugg et al., 1996; Yeh and Choi, 1996; Haimovitz-Friedman et al., 1997; Manev and Cagnoli, 1997) . Furthermore, cellular ceramide levels increase during apoptosis induced by tumor necrosis factor ␣ (Kim et al., 1991; Schutze et al., 1992) , serum deprivation (Jayadev et al., 1995; Barroso et al., 1997) , staurosporine (Wiesner and Dawson, 1996) , ischemia or hypoxia (Turinsky et al., 1991; Bielawska et al., 1997) , and other insults (HaimovitzFriedman et al., 1994 (HaimovitzFriedman et al., , 1997 Obeid and Hannun, 1995; Pronk et al., 1996; Verheij et al., 1996) . These observations have led to the hypothesis that an accumulation of intracellular ceramide is likely a key event common to several forms of programmed cell death (Hannun, 1996; Hannun and Obeid, 1997) .
We previously observed that cultured cortical neurons undergoing apoptosis induced by exposure to serum deprivation, staurosporine (Yu et al., 1997) , or ␤-amyloid peptides (Yu et al., 1998a) (Beauvais et al., 1995) and in human myeloid HL-60 cells (McCarthy and Cotter, 1997) . Neuronal apoptosis is prevented by blocking K ϩ efflux via NMDA receptor channels in a setting mimicking ischemic conditions . Furthermore, K ϩ efflux and [K ϩ ] i depletion stimulate the cleavage of interleukin-1␤ converting enzyme (caspase-1) in macrophages (Perregaux and Gabel, 1994) and monocytes (Walev et al., 1995; Perregaux and Gabel, 1998) . Recent studies by Hughes et al. (1997) and Bortner et al. (1997) In the present study, we examined the hypothesis that cortical neurons exposed to ceramide would promote K ϩ efflux by up-modulating I K channels, associated with caspase activation and apoptosis, and that pharmacological blockade of I K would attenuate both of these end points. We also explore the role of tyrosine phosphorylation as the signal transduction pathway in the proapoptotic modulation of I K channels. An abstract of part of this work has been presented (Yu et al., 1998b) .
EXPERIMENTAL PROCEDURES

Cortical cultures
Mixed cortical cultures, containing neurons and a confluent glia bed, were prepared as described previously (Rose et al., 1993) . Mice at 15-17 days of gestation were anesthetized with halothane; dissociated cortical cells were plated onto a previously established glial monolayer, at a density of 3.5 hemispheres per 10 ml in 35-mm-diameter culture dishes or 26-well plates (Primaria; Falcon), in Eagle's minimal essential medium (MEM; Earle's salts) supplemented with 20 mM glucose (final concentration, 25 mM), 5% fetal bovine serum, and 5% horse serum. Medium was changed after 1 week to MEM containing 25 mM glucose and 10% horse serum, as well as 10 M cytosine arabinoside to inhibit cell division. Subsequently, cultures were fed once weekly with MEM supplemented with 20 mM glucose. Cultures were kept in a 37°C, humidified incubator in a 5% CO 2 atmosphere. All experiments were performed between 10 and 15 days in vitro. Glial cultures were prepared from dissociated neocortices of postnatal day 1-3 mice. Cells were plated at a density of 0.65 hemisphere per 10 ml in Eagle's MEM containing 25 mM glucose, 10% fetal bovine serum, 10% horse serum, and 10 ng/ml epidermal growth factor. A confluent glial bed was formed in 1-2 weeks. Neuronal identity has been previously confirmed by Nissl staining and electrophysiological characterization, whereas the glial bed is immunoreactive for glial fibrillary acidic protein Rose et al., 1993) .
Electrophysiology
Whole-cell voltage clamp was performed on cortical cultures in 35-mm-diameter dishes on the stage of an inverted microscope (Nikon, Japan), using an EPC-7 amplifier (ListElectronic, Germany) at room temperature (21-22°C). Patch electrodes had a tip resistance of 8 -15 m⍀ (fire-polished). Current was digitally sampled at 100 s (10 kHz). The current signals were filtered by a 3-kHz, three-pole Bessel filter. Current and voltage traces were displayed and stored on a Macintosh computer (Quatra 950; Apple Computer Corp., U.S.A.) using the data acquisition/analysis program PULSE (HEKA Electronik, Germany).
The extracellular solution contained 115 mM NaCl, 2.5 mM KCl, 2.0 mM MnCl 2 , 10 mM HEPES, 0.1 mM BAPTA, 10 mM D-glucose, and 0.1 M tetrodotoxin. The electrode solution contained 120 mM KCl, 1.5 mM MgCl 2 , 1.0 mM CaCl 2 , 2.0 mM Na 2 ATP, 1.0 mM BAPTA, and 10 mM HEPES. Solution pH was adjusted to 7.3.
Neuronal cell death
Neuronal cell death was assessed in 24-well plates by cell counts after staining with 0.4% trypan blue dye and by measuring the amount of lactate dehydrogenase (LDH) released into the bathing medium (Koh and Choi, 1987) .
Caspase activity assay
Caspase activity was measured as described previously by Armstrong et al. (1997) . In brief, cultures were washed three times with phosphate-buffered saline and lysed in 75 l of buffer A (10 mM HEPES, 42 mM KCl, 5 mM MgCl 2 , 1 mM dithiothreitol, 0.5% CHAPS, 1 mM phenylmethylsulfonyl fluoride, and 1 g/ml leupeptin, pH 7.4). Twenty-five microliters of lysate was combined in a 96-well plate with 75 l of buffer B (25 mM HEPES, 1 mM EDTA, 0.1% CHAPS, 10% sucrose, and 3 mM dithiothreitol, pH 7.4) containing fluorometric substrate (final concentration, 50 M) and incubated for 45 min at room temperature in the dark. Formation of fluorogenic product was determined in a Cytofluor fluorometric plate reader by measuring emission at 460 nm with 360 nm excitation. Caspase-1 activity was defined as cleavage of Trp-Glu-HisAsp-7-amino-4-methylcoumarin (WEHD-AMC), and caspase-3-like activity was defined as N-acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (DEVD-AMC) cleavage (Thornberry et al., 1997) .
Chemicals
Ceramide analogues herbimycin A, and lavendustin A were from Calbiochem (San Diego, CA, U.S.A.). 4-Chloro-N,Ndiethyl-N-heptylbenzenebutanaminium tosylate (clofilium) was purchased from Research Biochemicals International (Natick, MA, U.S.A.). Benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone (Z-VAD.FMK), WEHD-AMC, and DEVD-AMC were kindly provided by Dr. S. J. Korsmeyer. Bacterial sphingomyelinase and other chemicals were from Sigma (St. Louis, MO, U.S.A.).
Statistics
Changes were identified as significant if the p value in Student's t test was Ͻ0.05; multiple comparison was done using one-way ANOVA. Mean values were reported together with the SEM.
RESULTS
Enhancement of I K by C 2 -ceramide and sphingomyelinase
I K and transient A-type (I A ) are two major voltagegated K ϩ currents in cultured cortical neurons (Yu et al., 1997) . Acute bath application, e.g., 30 min, of 25 M C 2 -ceramide did not affect I K ; however, after a 6-h exposure to C 2 -ceramide, I K steady-state current was increased by 38% ( p Ͻ 0.05; Fig. 1A and C and Table 1), and current density was increased from 22.1 Ϯ 1.3 to 39 Ϯ 3.0 pA/pF ( p Ͻ 0.05; n ϭ 20). The increase in I K was due to a shift of the channel voltage sensitivity toward the hyperpolarized level and an increase in K ϩ conductance ( Fig. 1D and Table 1 ). The C 2 -ceramideenhanced I K was sensitive to the K ϩ channel blocker TEA (1-20 mM) but was not affected by the ATPsensitive K ϩ channel blocker tolbutamide (100 M) or the Ca 2ϩ -dependent BK channel blocker charybdotoxin (0.1 M) (data not shown). Exposure to C 2 -ceramide for 6 -10 h did not alter I A (Table 1) .
Exogenous ceramides such as C 2 -ceramide may exert a membrane-destabilizing action in platelets (Simon and Gear, 1998) ; to avoid the nonspecific effect of C 2 -ceramide, we tested the sphingomyelin-hydrolyzing enzyme, sphingomyelinase, which produces endogenous ceramide. A 55% increase of steady-state I K was observed after a 6 -10-h exposure to sphingomyelinase (0.2 unit/ml) (Table 1), whereas I A was not affected (Table 1) . On the other hand, exposure to 25 M C 2 -dihydroceramide, an inactive analogue of ceramide lacking the 4 -5 trans double bond in the sphingosine chain, for up to 9 h affected neither I K (Fig. 1B) nor I A (Table 1) .
Protective effect of K
؉ channel blockers against C 2 -ceramide-induced apoptosis Addition of 10 -50 M C 2 -ceramide or 0.01-0.2 units/ml sphingomyelinase, but not 10 -100 M C 2 -dihydroceramide, to the bathing medium for 24 h induced concentration-dependent neuronal death associated with LDH release ( Fig. 2A and B) . C 2 -ceramide-induced neuronal death was attenuated by coapplied 5 mM TEA or raising extracellular K ϩ to 25 mM (Fig. 2C) . TEA (5 mM) also showed a trend of reducing the sphingomyelinase-induced cell death; this death, moreover, was indeed attenuated by the K ϩ channel blocker clofilium ( Fig. 2D ) (see below).
Clofilium is a class III antiarrhythmic agent and an open channel blocker of K ϩ channels (Arena and Kass, 1988; Castle, 1991; Reeve and Peers, 1992; Malayev et al., 1995) . Clofilium suppressed I K in cortical neurons in -19) . The conductance at potentials positive to Ϫ30 mV was higher in the C 2 -ceramide group than that in control cells ( p Ͻ 0.05). K ϩ conductance was calculated as G ϭ I/(V step Ϫ V rev ), where I was the current measured after leak subtraction, V step was the membrane voltage reached by depolarization pulses, and V rev was the reversal potential (Ϫ98 mV). Fitted curves were constructed using the logistic
where V was membrane potential, V 1/2 was the potential for half-activation, and A was the slope factor. Data were pooled from two sets of experiments.
J. Neurochem., Vol. 73, No. 3, 1999 935 K ϩ CHANNELS AND CERAMIDE-INDUCED NEURONAL APOPTOSIS a concentration-dependent manner, with an IC 50 of 0.71 Ϯ 0.14 M on steady-state I K , but had no effect on I A (Fig. 3A-C) . Clofilium at 0.1 M suppressed 20% of steady-state I K (Fig. 3B ) and substantially attenuated ceramide-induced neuronal death (Fig. 3D) . On the other hand, the TEA analogue tetramethylammonium (TMA), which has no effect on I K (Yu et al., 1997 (Yu et al., , 1998a , did not show any antagonism on C 2 -ceramide-induced cell death (Fig. 3D) . The NMDA receptor antagonist dizocilpine maleate {(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine (MK-801; 10 M)} was ineffective on the neuronal death induced by 25 M C 2 -ceramide (Fig. 3D) . (Gallo et al., 1987; Koike et al., 1989; Collins et al., 1991; Franklin and Johnson, 1992) . The Ca 2ϩ channel antagonist gadolinium (Gd 3ϩ ) or the L-type Ca 2ϩ channel antagonist nifedipine, at a concentration of 5 M, which completely prevented [Ca 2ϩ ] i increases (Yu et al., 1997) , was coapplied with TEA or 25 mM K ϩ ; this maneuver, however, did not preclude the neuroprotection by TEA or the 25 mM K ϩ medium (Fig. 2C) .
Role of Ca
Role of protein tyrosine kinases in ceramideinduced I K enhancement and apoptosis
To explore the signal transduction systems that might be involved in the I K modulation and apoptosis, we examined effects of the selective tyrosine kinase inhibitor herbimycin A on C 2 -ceramide-induced I K up-modulation and apoptosis. Herbimycin A, at 10 nM coapplied with 25 M C 2 -ceramide, completely prevented the I K enhancement during a 6 -10-h exposure (Table 1) . Furthermore, herbimycin A reduced the maximal K ϩ conductance (G max ) ( Table 1) ; as a consequence of this reduction, the voltage for I K channel half-activation (V 1/2 ) was shifted in the negative direction, whereas I K values at certain potentials, e.g., ϩ40 mV, were unchanged (Table 1) . Consistent with its block on I K enhancement, 10 nM herbimycin A attenuated C 2 -ceramide-induced neuronal cell death (Fig. 4) . Another tyrosine kinase inhibitor, lavendustin A (0.1 and 1 M), also showed neuroprotection against C 2 -ceramide-induced cell death (Fig. 4) .
K ؉ channel blockers attenuated activation of caspase-3-like proteases induced by C 2 -ceramide
To understand the mechanism underlying the protective effect against apoptosis by K ϩ channel blockers in neurons, activities of caspase-1 and caspase-3-like proteases were determined using the specific substrates WEHD-AMC and DEVD-AMC, respectively (Thornberry et al., 1997). Both caspase-1 and caspase-3-like activities were low in control cortical neurons (Fig. 5) . Exposure to 25 M C 2 -ceramide caused a marked timedependent activation of caspase-3-like proteases, whereas caspase-1 activity was slightly increased (Fig.  5 ), in agreement with an important role of caspase-3 in neuronal apoptosis. In the presence of 5 mM TEA or 0.1 M clofilium, the ceramide-induced caspase-3-like activity was significantly attenuated, and cell death was accordingly suppressed (Fig. 5A) . TEA (5 mM) also suppressed the caspase-1 activation (Fig. 5B) .
DISCUSSION
The present work reveals that chronic exposure to either exogenous or endogenous ceramide induces gradually developed, long-lasting up-modulation of I K channels, an event likely associated with neuronal apoptotic death. The I K modulation was specific because the tran- Cortical cultures were exposed to control medium or testing reagent(s) for 6 -10 h. Steady-state I K was activated by a voltage step from Ϫ70 to ϩ40 mV; I A was triggered by a voltage step from Ϫ100 to 0 mV. G max , maximal K ϩ conductance via I K channels; V 1/2 , membrane potential for half-activation. G max and V 1/2 were calculated from fitted curves (see legend for Fig. 1D ). Ceramide and dihydroceramide were 25 M, sphingomyelinase was 0.2 unit/ml, and herbimycin A was 10 nM. a Significant difference from control ( p Ͻ 0.05 by t test). b C 2 -ceramide was coapplied with herbimycin A; herbimycin A alone did not have significant effect on I K or I A .
sient I A and other K ϩ currents were not affected. The I K up-modulation developed in a delayed fashion and was blocked by the tyrosine kinase inhibitor herbimycin A, suggesting that intermediate message systems such as tyrosine phosphorylation may be involved. Malin et al. (1998) showed that presenilin-1 or -2 increased outward K ϩ current densities in HEK-293 cells, suggesting a possible link among presenilins, K ϩ channel, and cell injury in Alzheimer's disease. The Alzheimer's disease-associated ␤-amyloid fragments enhance K ϩ conductance and I K values in neurons and astrocytes (Furukawa et al., 1996; Colom et al., 1997; Jalonen et al., 1997; Yu et al., 1998a) . Enhancement of outward K ϩ currents may mediate UV irradiation-induced apoptosis in myeloblastic leukemia cells (Wang et al., 1999) . The lurcher gene-induced apoptosis in cerebellar Purkinje cells follows expression of Kv3.3 channels, implying a role for these K ϩ channels (Norman et al., 1995) . Infection of chicken embryo fibroblasts with infectious bursal disease virus blocks inactivation of outward K ϩ currents, i.e., more K ϩ efflux, and is followed several hours later by apoptotic death (Repp et al., 1998) . On the other hand, the apoptotic proteins Reaper and Grim induce inactivation of K ϩ currents; the authors suggested that Reaper and Grim may initiate apoptosis by blocking K ϩ channels (Avdonin et al., 1998) . Whether this kinetic change is directly related to apoptosis is unclear; for example, Reaper mutations like F5A and Y6A have only ϳ50% killing ability, whereas K ϩ currents are still largely inactivated by the mutations. A recent study shows that ceramide inhibits inward rectifier K ϩ currents and that the K ϩ influx via these channels is attenuated at potentials more negative than Ϫ50 mV (Hida et al., 1998) . Thus, ceramide possesses opposite effects on outward and inward K ϩ channels; the enhanced K ϩ efflux and the reduced K ϩ influx converge, giving a favorable situation for diminishing [K ϩ ] i and demolishing K ϩ homeostasis (probably with deteriorated function of Na ϩ ,K ϩ -ATPase). Ceramide may down-regulate the n-type K ϩ (Kv1.3) channel mediated by tyrosine kinases in T lymphocytes (Gulbins et al., 1997) ; this channel, sensitive to block by charybdotoxin and margatoxin, is apparently different from the TEA-sensi- The protective action of high-K ϩ medium has often been attributed to an increase in [Ca 2ϩ ] i due to activation of voltage-gated Ca 2ϩ channels. Previously, we demonstrated that a [Ca 2ϩ ] i increase was not required for neuronal protection against staurosporine-, serum deprivation-, and ␤-amyloid-induced neuronal apoptosis by either high-K ϩ medium or the K ϩ channel blocker TEA (Yu et al., 1997 (Yu et al., , 1998a . The present investigation provides further evidence excluding a predominate role for Ca 2ϩ in the neuroprotection by high-K ϩ medium and K ϩ channel blockers, supporting the proposal that K ϩ efflux is a unique mechanism in neuronal apoptosis.
These data are in agreement with a link between K ϩ efflux and caspase activation Hughes et al., 1997) , although the possibility that K ϩ blockers may affect some upstream steps in the apoptosis cascade cannot be excluded. Both TEA and clofilium suppressed caspase-3-like protease activation, yet TEA also blocked caspase-1 activation, suggesting that TEA may act as an antagonist of the broader spectrum of caspases. Whether the TEA effect is a result from its broader inhibitory effects on K ϩ channels and therefore less K ϩ loss needs to be elucidated. Meanwhile, because blocking K ϩ channels by TEA may inhibit DNA/protein synthesis (Ohira et al., 1991) and because programmed cell death is usually sensitive to protein synthesis, the possibility that K ϩ channel blockers may affect apoptosis by influencing protein synthesis calls for further investigations.
Tyrosine phosphorylation regulates several cellular processes (O'Dell et al., 1991; Catarsi and Drapeau, 1993; Wang and Salter, 1994; Thomas and Brugge, 1997) and is a critical player in cell development and cell death (Reynolds et al., 1981; Cheng et al., 1995; Uckun, 1998; Van Vactor, 1998) . We observed that the selective tyrosine kinase inhibitor herbimycin A, at a low concentration of 10 nM, blocked C 2 -ceramide-induced I K enhancement and attenuated cell death, implying that tyrosine kinases mediate the I K channel modulation and are critical mediators for ceramide-induced neuronal apoptosis. This observation is consistent with the notion that tyrosine phosphorylation is a required or important signal for apoptosis (Yao and Scott, 1993; Eischen et al., 1994; Migita et al., 1995; Atkinson et al., 1996) and in line with the recent study (Sobko et al., 1998 ) that an Src family tyrosine kinase constitutively activates delayed rectifier (Kv2.1 and Kv1.5) channels in mouse Schwann cells; I K values are down-regulated on exposure of cells to herbimycin A and genistein, whereas an up-regulation of I K is observed when recombinant Fyn kinase is introduced through the patch pipette. In the same study, a 24-h incubation in the presence of 5 nM herbimycin A induced ϳ50% inhibition of Schwann cell proliferation (Sobko et al., 1998) ; the experimental condition for herbimycin A was compatible with that in our investigation (10 nM, 24-h exposure). On the other hand, these experimental data, including ours, were somewhat of a surprise because some previous studies showed that activation of tyrosine kinases suppressed the delayed rectifier hKv1.5 (Holmes et al., 1996) and Kv1.3 Bowlby et al., 1997; Gulbins et al., 1997) channels and that blocking tyrosine kinases causes apoptosis in several cells (Bergamaschi et al., 1993; Otani et al., 1993; Yousefi et al., 1994; Myers et al., 1995) . As discussed above, tyrosine phosphorylation may have distinct effects on different K ϩ channels; the previous studies were conducted on cells expressing Kv1 channel subclasses, mainly Kv1.2, Kv1.3, and Kv1.5, whereas Kv2.1 appears to be the dominant Kv channel in central neurons (Murakoshi and Trimmer, 1999) . It was also pointed out by Sobko et al. (1998) that the discrepancy in tyrosine kinase modulation of Kv channels may reflect marked differences in cellular background, e.g., absence of regulatory channel subunits in heterologous host cells versus native cells. An alternative possibility is that ceramide, which triggers multiple pathways, may activate a different subtype of tyrosine kinases that is different from the one that down-modulates K ϩ channels. According to recent studies, tyrosine kinases have dual effects on apoptosis even in the same cells; Bruton's tyrosine kinase, for example, promotes radiation-induced apoptosis but inhibits Fas-activated apoptosis in B cells (Uckun, 1998) . The present investigation provides an inside mechanism for the promoting effect, suggesting that tyrosine phosphorylation may have a proapoptotic effect in central neurons by up-modulating I K channels. Of note is that herbimycin A completely prevented the I K enhancement whereas it moderately reduced the cell death; the residual death was also seen with other treatments, although to a lesser extent, implying that an additional mechanism(s) may be involved in the ceramide-induced neuronal death.
FIG. 5. Inhibitory effects of K
ϩ channel blockers on caspase activities shown in the time course of caspase activation by C 2 -ceramide and its attenuation by TEA and clofilium. Data are mean Ϯ SEM (bars) values. *p Ͻ 0.05, significantly different from ceramide alone by t test. A: Caspase-3-like activity following exposure to 25 M C 2 -ceramide (F) was attenuated by coapplication of 5 mM TEA () or 0.1 M clofilium (s). The lesser effect of clofilium on the caspase activity was consistent with its modest protection in this group of cells (42% cell survival vs. 78% survival by 5 mM TEA after a 24-h exposure). B: Caspase-1 activity following exposure to C 2 -ceramide alone (F) or plus 5 mM TEA () or 0.1 M clofilium (s). Notice that y-axis values are much smaller than those in A.
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